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SUMMARY 

Equations vere derived for the equilihritnn operation of a 
turbine-propeller engine in terms of p8a*ameters used in turbine- 
and compressor-performance maps. By use of these analytical rela- 
tions, geometric, thermodynamic, and aerodynamic relations among 
con^ressor, turhihe, and exhaust nozzle may he calculated. For a 
known compressor-performance map, the matching method described 
indicates some of the turbine and exhaust-nozzle design compromises 
that must be made when the conq)onents are combined into a turbine- 
propeller engine . 

If the physiceil relations among the components are known, the 
matching relations may be used directly to predict engine perform- 
ance over a range of operating conditions. 

An illustrative example of the matching method and the perform- 
ance analysis is presented for an axial-flow compressor and a single- 
stage turbine coupled to a constant-efficiency propeller. 


INTEODUCTION 

Various performance investigations of gas-turbine engines based 
on cycle analysis have been conducted (for example, references 1 to 5), 
Considerable information is available on gas- turbine-engine perform- 
ance over a wide range of design conditions. Cycle analysis of a gas- 
turbine engine may be used to determine some of the performance 
parameters of the individual components required for a design-operat in g 
condition but is inadequate for describing (l) the type and the size 
of component suitable for incorporation in an actual engine, and (2) 
the off -design performance of an actual engine. 
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Matching methods must he tised. as an aid. in proper engine dasign. 

A matching method, may he defined, as a process for selecting suitable 
geometric relations among and vithin the various components of an 
engine designed to operate at specified conditions. 

;^ve3ral methods (references 6 to 10) are available for predicting 
equilibrium operating characteristics of gas-turbine engines if the 
performance characteristics of the compressor and the turbine are 
given. These methods, however, are not applied to the problem of 
selecting the turbine diameter and blade length for operation with a 
■selected compressor. 

An investigation was conducted at the MCA Lewis laboratory to 
develop a sinplified analytical method of matching, which will aid in 
the determination of the geometric design of the turbine and the 
eihaust nozzle to be mated with a selected compressor in order to 
provide a suitable combination of components for use in a turbine- 
propeller engine. After the components are matched, the performance 
of the engine for a range of operating conditions may be predicted 
by means of the equilibritim equations used for matching the engine, 
if the component performance characteristics are known. 

The development of the method is followed by an example in 
which performance maps of a turbine-propeller engine are calculated 
for three veilues of ram pressure ratio and for a range of ratios of 
exhaust-nozzle to turbine- inlet area. 


MATCHING AHALTSIS 
Basic Equations 

Matching of the components for the coupled-type gas-turbine 
e n g in e considered herein is based on the following three fiindamental 
relations that apply to both turbojet and turbine-propeller engines 
(fig. 1). 

1, A fixed relation must exist between the rotor speeds of the 
compressor and the turbine. For the case considered, where the com- 
pressor and the tixrbtne are directly coupled, the rotor speeds are 
eqtial. 


2. The mass flow of air through the compressor plus the fuel 
flow minus any air bled for cooling or other uses is equal to the 
gas flow throu^ the turbine, which, in turn, is equal to the gas 
flow throu^ the exhaust nozzle. 
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3. The power developed hy the turhine must equal the stud, of the 
con 5 )ressor and. shaft powers, where the shaft power is equal to the 
sum of the propeller- shaft power, accessory power, and power con- 
sumed in reduction- gear and hearing friction. 

When the corrected parameters developed in reference 11 and the 
symbols and the stations, as defined in appendix A and figure 1, 
respectively, eire used these fundamental relations may he analyti- 
cally expressed in the following manner; 

For equal con 5 >ressor and turhine rotor speeds. 


^t,m ^c,o ^ ^,m 

a/^ aT^ 


( 1 ) 


When any c h a n ge in mass flow due to the addition of fuel or 
the hleedoff of air is neglected. 
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(2h) 


(2c) 


power 


If turhine power is equated to the sum of shaft and compressor 


^3-^5 

T.. 


^^/ T2-Ti\ f 

"p,t ’^Z\\ J V chp; 


( 3 ) 
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Combinations of the previous equations that eliminate the 
temperature-ratio term are useful in matching the components 

of a gas-turhine engine. The turhine vei^t-flow parameter multi- 
plied hy hlade-speed pareuneter wU^ m/-*4 obtained hy multi- 

plying each side of equation (l) hy the corresponding sides of equa- 
tion (2a) and then transposing the area-ratio term 


^^t,m ^ 4 ^ ^c,o ^1 ^2 ®t,m 

Vs 

The following relation is obtained by dividing each side of 
eqxiation (3) by the square of each side of equation (l) and rear- 
ranging terms: 




t 



( 5 ) 


where the turbine-pressure coefficient, is defined as 



and represents the ratio of the change in tangential velocity across 
the turbine rotor to the blade speed at the mean diameter 

^( 0,4 + ^( 0,5 

Ut 

The compressor slip factor S is defined as 
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Component-Performance Maps 


The parameters 


■w 


A^6l ^ Pl^ 
compressor-performance map and 


Tl 


and 


U, 


c,o 


Ts 


are used to plot the 


— — —) ^<3- used for. 

A463^ Ts 


the turbine -performance map because they condense component-performance 
data for approximately similar dynamic conditions of operation and they 
may he conveniently utilized in the matching equations given. The 
effects of Reynolds number and variable y on the component-performance 
maps are neglected for simplicity. Leirge changes in the value of y 
should he accounted for in the performance parameters given above. For 
example, if cold flow tests are used for determining turbine -performance 
maps, y and R should he introduced into the turbine parameters 
(references 8, 9, and 11) . 


A typical axial-flow- compressor performance map ’is shown in 
figure 2. Performance maps for three single-stage turbines of different 
rotor-outlet angles are shown in figure 3. The turbine-stage velocity 
diagram is shown in figure 4. The angle of swirl is positive -vdien the 
absolute velocity of the gases leaving the turbine has a tangential 
component opposite in direction to that of the moving blades. These 
turbine maps were replotted from a series of calculated maps presented 
in reference 12. The turbine weight-flow parameter multiplied by 
blade- speed parameter wU^ m/'^4^3 eliminates the turbine- inlet- 

temperature term and spreads out the plots of turbine characteristics 
for stator choking conditions. 

» 

For the compressor map, the weight-flow parameter is based on. 
a unit area and the constant- speed curves are designated by lines 
of corrected tip speed in order to make the map independent of com- 
pressor size. The performance of the turbine stage is based on con- 
ditions at the pitch diameter so that the maps are also independent 
of size. The conqjonents may therefore be scaled in size for the 
purpose of matching. The performance maps are assumed to remain 
unchanged with change in con^ponent size. 


When the conqjonent-performance maps uncorrected for the effect 
of Resmolds number are used, the relations among compressor, com- 
bustion chamber, and txirbine given in equations (l), (2a), and (3) 
and in their combinations, equations (4) and (5), are independent 
of altitude, ram pressure ratio, and exhaust-nozzle size. The rela- 
tions between the turbine and the exhaust nozzle ^e given by equa- 
tions (2b) and (2c) and may be related to the operating condition 
of the engine by means of the following relation: 

^6 ^1 ^2 ^5 ^5 ^6 ^0 

^6 ^0 ^1 ^2 ^3 ^5 ^6 


( 6 ) 
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Combined Turbine and Kxhaust-Hozzle Characteristics 

For a given turbine operating at constant inlet conditions, the 
proportionment of power between tbe propeller and the Jet is dependent 
on exhaust-nozzle size. Determination of the combined performance 
map of the turbine and the exhaust nozzle is therefore desirable. 

■When adiabatic expansion in the turbine stator is assxmxed, 

T3 =T4 

Eearranglng the terms of equation (2b) gives 


Zfi 

^ A4S4 


( 7 ) 


The value of the weight-flow parameter 
flow from eqTiation (2c) is given by 


wV^/a& for choking 


A6 




( 8 ) 


For the hot turbine gases, a convenient value for the average 
value of 7^ was chosen: 


7 t = 4/3 


Letting 


E = 53.35 


Wy\/F 
A6 “ 


48.62 


for choking flow. 



UHC L 


MCA TN 2450 


7 


Introducing the choking value of the veig^it-flow parajneter m’ 
into equation (7) and rearranging terms yields 

_ 48.62 ^3 /gx 

Ai \“/4 ^4 ^6 V ^3 

The parameters on the ri^t side of this equation can he shown to 
he mainly a function of ^3/^0 equation (2c), 

w J^/^Ag5g is seen to he a function only of PgAg 



In order to eliminate the necessity of in5)licitly solving equa- 
tion (2c), figure 5 is included so ttiat the ratio of total to static 
pressure at the nozzle may he obtained hy inspection. If negligible 
heat losses are assumed from the turbine outlet to the exhaust 
nozzle. 




Appro ximate values of turbine efficiency may he used in the expression 
of />/Tg/T3 because the effect of turbine efficiency is small. For 
exanq)le, if P3/P5 is equal to 2.5 and 7^ is 4/3, 


7t-l 
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= 0.909 for T|^ = 0.85 

The effect of tail-pipe and exhaust-nozzle losses are also small,' 
as may he seen from the following example where 



= 0.90 



= 0.904 for no losses 

= 0.914 for 10-percent loss in tail pipe 
and exhaust nozzle 


A general map for turbine ahd exhaust-nozzle characteristics 
was plotted from equation (9). Talues of P^/Pg ^"were plotted 

against Pj/pg for various values of ^ 




P3 


as shown in 


figure 6, 


Por the aJ^s^'^5 ® turbine efficiency of 0.86 was assumed, 

and tail-pipe and exhaust-nozzle losses were assumed to be 5 percent. 
For stator-choking conditions, the ratio (m’/m)4 is 1.0. 


For nonchoking conditions, values of veiry with the type of ttir- 

A464 

bine and its operation so that no fixed relation to the ratios already 
given exists. For no losses in the stator passages, P3/P4 i® 1*0. 

The cvirves were not extended to the point (l,l) because at that 
point the assumption of constant percen'tage loss in tail pipe and 
exhaust nozzle cannot apply. All the cTirves approach the line 


^ (bL) S 

A4 \Tn.J^ P4 
the ratio 


= 08 , 

(m’/in) 


4 


however, as they approach point (1,1) because 
approaches infinity. 
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The lines of maximum total-pressure liitio shown in figure 6 
indicate choking Conditions in the turbine stator and in the turbine- 
rotor annulus downs-tream of the turbine rotor. These values may be 
obtained from continuity considerations across the turbine. 


P 4 P 5 ^4 

A585 A464 P3 P5 \l T3 A5 


( 12 ) 


When the wei^t-flow parameters for choking flow are canceled and 
the terms rearranged. 


H ^4 ^6 



(13) 


^3 ^3 ^5 

The relation between ^ and 7 — ^ for u. = 0.86 and 

^6 H ^4 ^6 ^ 

P 6 /P 5 =0.95 in the /Jt^/Tj term has been plotted in figure 7. 


, Ac /~ t \ P 3 

The maximum value of P 3 /P 0 value of — ( — ) — will 

A 4 Ymy4 P 4 

be found on the curve of Mg = 1.0 in figure 6. This curve repre- 
sents the maximum corrected turbine power if the stator is choked, 
that is, = 1.0. On this ciirve, the value of 

Ag /m* \ ^3 ^3 ^5 

7 — I — ) ^ is equal to 7 — tt- vr- for the same value of P'ar/Pf: 

A4 V ^4 P4 H ^4 ^6 ^ ® 

and A ^ 0 /^ 3 * (See equations (9) and (13).) The maximum value of 


^6 


P 3 /P 0 for any value of can therefore be found from 


figure 7. 


A 4 ym 


^^3^5 


If the value of 7 ^ 


A4 P4 P0 


4 P4 


is less than the value of 




m' 


“4 ^*4 


the value of P 3 /P 0 used for determining itiaxiTimm turbine 


pressure ratio P3/P5 cannot be greater than that shown in figure 7 
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A5 P3 P5 . 

for the specified value of 7— ^ The actual value of P3/P0 

^4 -^4 ^6 

vill increase, however, with 'P^/Pq for a particular engine according 


to the continuity relations shown by the solid ciirves of figure 6 
because the total-pressxire losses in the tail pipe and the exhaust 
nozzle will increase. These lossea may be estimated from knowledge 
of the maximum turbine pressure ratio P3/P5 an<i the operating 


point of the engine on the solid ctirves of figure 6 



The map of figure 6 may be applied to any type and size turbine, 
single or multistage, and exhaust nozzle. If station 6 is inter- 
preted as being identical to station 5 at the turbine-rotor outlet, 
the map may be used to represent turbine characteristics in general. 
It is especially useful in determining: (l) the ratio of exhaust- 

nozzle to turbine-flow area for matching an engine, (2) the engine 
performance for a fixed-area exhaust nozzle, and (3) engine per- 
formance when the engine is equipped with a variable- area exhaust 
nozzle . 

A more accurate t\irbine- and exhaust-nozzle-performance map 
for a specific turbine may be obtained from a plot of equation (2b) 
expressed in terms of the t\irbine parameters shown on the turbine- 
performance map. 


^^6 


^^t,m ^t 

A463 Tg 





(14) 


For any selected point on the turbine map, values of w ^^^51/^453, 
(T^-Tg)/!^, and 8 xe known and may be introduced into 

equation (14). For a known value of tail-pipe and exhaust-nozzle loss, 
the remaining variables in equation (14) are A0/A4 aud W/^^/Ag50. 

For a selected value of Ag/A4, the value of the wei^t-flow param- 
eter may be evaluated. 
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The value of — = 

P6 


P 3 

Po 


may be obtained from figure 5. Thus, 


the relation between A^/a^ and P 3 /P 0 inay he obtained for any 


-6/^4 

point on the turbine map. 


Letting = 2.0 and using the parameters from various 

points on the turbine map of figure 3(b) in equation (14) gave the 
relation between P 3 /P 6 and P 3 /P 0 , as shown by figure 8 . For 

these points, a 5-percent loss in total pressiire throu^ the tail 
pipe and exhaust nozzle was assiomed. 

For comparison of the two methods of obtaining the combined 
turbine and e x haust-nozzle map, a curve at A 0 /A 4 = 2.0 was plotted 

on figure 8 by means of the methods used to obtain figure 6 . For the 
solid line of figure 8 , choking conditions were assumed in the tur- 
bine stator and thus (m*/m )4 = 1.0. A constant value of P 4 /P 3 
equal to that for sonic flow was assiuned. The t\irbine maps of 
reference 12 are based on a stator loss coefficient X = 0.1. The 

nozzle loss per pound of gas is given by ixc^^., where is the 

2 

jet velocity issuing from the stator nozzles at the pitch line. The 
following relation was used to obtain total-pressure loss across the 
stator; 



r 

7fl 


< 


’'t 

(V^\ 

> 

= 

1 + X 

^ \ / 



V 

L \^4/ 



’'t-1 


(15) 


The ratio of total to static pressure is given by 


::^ = 1 + 


’'t-1 





2 


(16) 
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For sonic flow, = 1.0 and 


^4 



and 


(16a) 



0.935 


A con 5 >arison of the points obtained from the turbine map and 
the curve obtained from continuity considerations with choking con- 
ditions in the turbine stator shows that the curve may be used in place 
of a ctirve drawn through the points taken from the turbine map. The 
curves of figure 6 will therefore be used in place of those obtained 
from the specific turbine maps. 


Method of Ife,tching 

The basic equations and the simplifying assumptions given in 
the previous sections can be used to determine the physical dimensions 
of a gas-turbine engine if the performance maps of the compressor and 
the turbine are known. The type of compressor and the conditions of 
operation at the design point (turbine- inlet temperatirre, any two 
compressor-performance pareoneters, and ambient conditions) must be 
selected fifst by the engine designer. Inasmuch as the design con- 
ditions will affect the complete performance map of the engine, a 
subsequent performance analysis should be made to indicate the wis- 
dom in the choice of design conditions. After the conditions of 
operation at the design point have been selected, the relations among 
the physical dimensions of the engine, namely, ratio of turbine- 
outlet to stator- throat area, ratio of turbine to compressor area, 
ratio of ezhaust-nozzle to turbine area, and ratio of compressor to 
tiirbine -diameter, can be determined from the following matching 
procedure . 

Selected conditions of operation. - The selection of a point on 
the compressor map that corresponds to engine-design conditions 
fixes coB 5 >ressor-tip speed, pressure ratio, weight-flow parameter, 
etnd slip factor at the design point. 
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For maximum-power operation, approximately rated speed of the 
compressor should he selected in order to give the highest pressure 
ratio and weight flow within mechanical-design limits. Although min- 
imum fuel consumption for the engine may sometimes be obtained by 
selecting the higher pressure ratios nearest the compressor surge point 
for design operation, particularly in axial-flow compressors, operating 
too close to the surge limit is undesirable for several reasons: 

(l) The surge point is inexactly defined for the compressor, (2) at 
the design- turbine- inlet temperature, a change in altitude or engine 
speed may place the compressor operating point in the surge region, 
and (3) acceleration is impossible at the design speed without 
producing operation in the surge region. 

Turbine-inlet temperattires are limited by material stress and 
life considerations. 


Detennination of turbine-area ratio. - Eesults of an analysis 
made in appendix B will aid in the selection of the turbine-area 
ratio A^/Ag. Maximum values of turbine-power parameter based on 


the turbine-outlet eorea 



are obtained for a turbine- 


A 4 m 4 P 4 

area-ratio parameter — - — — of approximately 0.4, the exact 

"^^5 ^5 3 

value depending on turbine efficiency. (See fig. 9.) 


Maximum corrected turbine power 


hp 


is obtained when 


the txirbine-outlet annulus is choked because (m’/m)^ is then equal 

to 1.0. For this condition, the required area ratio Aa/Ac is 

A4 m^ P4 

approximately represented by the value of ~ 

% P3 


In order to obtain Increasing corrected power with Increasing 
flight speeds, it is desirable to select an area ratio A^/Ag near 


A4 nn P4 

the values of — 

A5 HB P3 


Indicated by the maximum power line (approx- 


imately 0.4). In this manner, the geometry of the turbine may be 
made such that maxi inmn corrected turbine power is available at maximum 
flight speed. 
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For turtines haTing a constaii't-area annular passage and operating 

at flow conditions such, that — — = 1 . 0 , stator-outlet angles of 

™5 ^3 

20° to 30° may he used with less than 2.2-percent loss in maximum 
'•-orrected power because the horsepower change is small with changes 
in area ratio in the' region of maxlTinjm power. 

Determination of ratio of turbine- to compressor-flow ea*ea . - For 
maximum corrected turbine power per unit flow area, the turbine must 
operate near stator- choking conditions. Although the stator may not 
actually be choked, the turbine weight-flow parameter for most design 
operating conditions may be approximated by 



V4 


48.62 


From eq[uation (2a), the ratio of turbine to compressor-flow 
area may be solved for 



V I’l 

■"Ap4 ^4 ^2 ^3 
A 4&4 ?3 ^1 ^2 


(17) 


The value of is obtained from the design turbine-inlet tem- 

perature and a knowledge of anibient and ram conditions. Values of 
^ 2/^1 obtained from the design point on the 

coD^jressor map. The combustion- chamber pressure ratio 

ttirbine- stator-loss ratio P 4 /P 3 may be estimated for simplicity. 


At this point it is desirable to calculate the centrifugal 
stresses to be encountered at the root of the -turbine-rotor blades. 
The stress at the root of a blade of constant length is given 
(reference 13) by 


Pb 


(O^D. ^ 

t .0 

8 g 






Sb = 


(18) 
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where $ is the stress correction factor for different blade-area 
distributions and represents the ratio of the stress in a tapered 
blade to the stress in a parallel-sided blade. Equation (18) may 
be rewritten as 


®b 


2sg 4 



(19) 


For the turbine having a constant axial-passage height, the 
rotor- outlet flow area Ag is approximately equal to the annular 

passage area for low rotor-outlet swirl angles; thus 


®b 


Pb 

2itg 


% ® 


( 20 ) 


For rotor-outlet swirl angles up to 14°, the flow area perpendic- 
ular to the flow differs from the flow area perpendicular to the 
axial direction by not more than 3 percent. The equation for 
blade stress may be rewritten for the directly coupled turbine and 
compressor in terms of quantities already known 


®b = 


Pb5> 

2g 



( 21 ) 


If the centrifugal stresses are higher than allowable, another 
point must be selected on the compressor map or design conditions 
must be altered. 


Deteimlnation of ratio of exhaust-nozzle to turbine- inlet flow 
area. - For a particular flight condition and the engine operating 
at constant conditions upstream of the turbine, one value of 
exhaust-nozzle area exists that permits optimum division of power 
between the propeller and the jet. The exact optimum nozzle size 
is, however, dependent on the values of turbine, propeller, and jet 
efficiencies. (See references 14 and 15.) 

For optimum division of powef- between propeller and jet for 
all ram conditions, the following approximation may be used (refer- 
ences 1 and 15) : 



£i 

Po 


opt 


( 22 ) 
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For ram pressure ratios up to those causing choking in the 
exhaust nozzle. 


^ ^ ^ 

P 6 PO 1*1 ^2 


When equations (22) 


and (23) are combined 





(23) 


(24) 


Thus the value of (P-z/Pa) may he determined for a particular 

° opt 

con 5 )ressor pressure ratio and combustion- chamber loss ratio and 
lines of constant (P 3 /Pg) . may be drawn on figure 6 . The 

^vlthf^^ 


variation of 


m. 


\P6 4 


may then be determined. 


opt 


A plot of this result indicates the exhaust-nozzle area required 
for optimum power division at various ram pressure ratios for the 
con 5 )ressor and combustion- chamber pressure ratio selected. 


For take-off conditions, equation (23) may be used to determine 
the value of (I’s/Pg)^ flow conditions up to choking in the 

exhaust nozzle. The line of constant (l* 3 /P 6 )j drawn on 

figure 6 for selected values of comprefesor and combustion- chamber 
pressure ratio at t€ike-off . The variation of 




T 


may then be plotted against the area- ratio parameter. 


These resxilts show that increasing the exhaust-nozzle area 
permits a greater pressxire decrease across the turbine for take-off 
but a small exhaust nozzle is required for optimum power division 
at hi^ flight speeds. For a fixed exhaustr'nozzle area, compromises 
in perfonnance at take-off and for a range of f ll^t speeds must 'be 
made. For the area ratio selected, the variation of Pj/Pg with 

should be plotted. This curve -will represent the equilibrium 

o* 6 

operating condition for "the matched engine. The selection of area 
ratio automatically determines the "ralue of total-pressure ratio 
across the turbine P 3 /P 5 for a known value of tail-pipe and 

exhaust-nozzle loss ratio Pg/Pg. 
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Determination of ratio of turTaine to compressor diameter. - 
Because the turbine pressure ratio is known, a point on the turbine 
map is determined when the diameter ratio D^. q is selected. 

(See equation (4) or (26).) 


wU, P. U. 

t,m _ ^ 4 4 t,m 

A483 A454 P3 


(25) 


Prom equation (l) 


wU. vJe, F. U 
t ,m _ ^4 4 c,o 




■''A ^3 




T. D. 

1 t,m 

^3 ®c,o 


(26) 


By use of the turbine maps such as shown in figure 3, the 
turbine-outlet swirl angle may be determined for each value of 

^t,m/^c,o* 

For some designs, a decrease in turbine wheel weight results in 
a decrease in wheel diameter (see reference 13). At low values of 
®t,m/®c,o-> however, the swirl angle is high. For a fixed blade speed, 
stator-exit angle, and jet velocity leaving the stator, the work done 
by the turbine per pound of gae may generally be made large by selecting 
a high positive value of swirl angle. Large values of swirl angle, 
however, are usually undesirable if the gases are to be ejcpanded in 
an exhaust nozzle because the tangential component of velocity cannot 
generally be utilized for obtaining forward thrust. 

After a value of swirl angle for design conditions is selected, 
the rotor-outlet angle must be chosen. Hi^ values of 65 will 

give the smallest turbine diameter. For a vortex- flow design, how- 
ever, when constant axial velocity from root to tip of the blade is 
as Slimed, the turbine blading approaches impulse at the root of the 
blade as Pg is increased. 

Impulse conditions at the root of the blade may be obtained by 
equating the relative velocity entering the rotor to the relative 
velocity leaving the rotor. (See appendix C.) The ratio of mean 
turbine diameter to rotor diameter at the blade root for impulse 
conditions at the blade root is given by 
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(27) 

p 

All ratios on tlie ri^t sicLe of equation (27) including tan 

are obtained from the vector diagram at tbe pitch section of the 
turbine. The vector diagram at the pitch section may be drawn 
because the angles cc^j and swirl, are known together with 

turbine-blade pitch speed TJ^ ^ and absolute velocity issuing from 
the stator nozzle C4- The nozzle- Jet velocity is given by 



The value of P4/P4 obtained from reference 12 for a point 

on the turbine map because the degree of reaction, the nozzle loss 
coefficient, and the total- to- static pressure ratio across the 
turbine P3/P5 are given. The value of C4 for sonic flow in 

the stator nozzles is given by 


C4 = 

The hub-to-tip-diameter ratio is then given by 
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When the design swirl angle is selected, the value of ^ 

is fixed for each value of The huh-to-tip ratip of the tur- 

bine is then given by 



The ratio A5 /A]l is assumed to represent approximately the ratio 
of annular passage area enclosing the rotor blades to the. annular 
passage area at the compressor inlet. The ratio (D^/Dq)^ may then 

be plotted eigainst m/®c o ^*^0^ equation (30) for the particular 
swirl angle selected aAd th4 curve con5)ared with the curve of impulse at 
the blade root as given by equations (27) and (29). A compromise must 
then be made in the selection of I>t,m/®c,o l^etween rotor wei^t and 
the degree of reaction because higher actual turbine efficiencies may ' 
be obtained by selecting blading with a positive reaction at the root. 
(See reference 16.) 


The selection of m/^c o fixes the design value of rotor 

turning angle + P5 and the design point on the turbine map. Thus 
the turbine pressure coefficient ijr^ and total- temperature ratio across 

the turbine T3/T5 are determined for design conditions. 


If the exhaust-nozzle area was not fixed, equations (4) and (5) 
could be used to. determine the relations between shaft horsepower, 
turbine diameter, and turbine performance parameters . The turbine 
aerodynamic factors must then be compromised with engine power and the 
size and the weight of the turbine wheel, propeller, and reduction 
gear for the flight condition considered. 


The value of the turbine weight-flow parameter pressure-ratio 
loss across the stator should now be checked against the assumed choking 
values by means of equation (31) using the parameters for the design 
point on the turbine map: 


wU. 


A4S4 % 


t^ 


^^3 




T, 


(31) 
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If the restilts of the solution of equation (31) indicate that flow 
conditions much helow choking are obtained at design conditions, 
the matching process should he repeated with the new value of 


P4 

A454 P3 


from equation (31). 


PERFOEMAFCE MALTSIS 

When the physical dimensions of the engine Eire known or deter- 
mined by the matching procedure given in the previous section, use 
of the basic eqTiations (l) to (6) eind the component performance maps 
completely determines engine performance at all operating conditions. 
The selection of a point on the compressor curve determines compres- 
sor speed, pressure ratio, wei^t flow, and slip factor. From the 
compressor and combustion-chamber characteristics, the pressure at 
the turbine inlet can be established. The assumption of a constant 
combustion-chamber pressure-drop ratio is usually sufficient for 
most performance analyses. 


Once the turbine- inlet pressure is known, the ratio of total 
pressure across the turbine can be obtained from the curve relating 
total-pressure ratio to total- to- static pressure ratio for the known 
ratio of exhaust nozzle to turbine Eirea. (See fig. 6.) 


The total-pressure ratio of the turbine P3/P5 
parameter 


and the turbine 


wU^ xn^^4^3 from equation (4) fix all the tur- 


bine values for the particular point selected on the compressor 
map. Corrected temperature drop, pressure coefficient, and outlet 
swirl angle may now be obtained from the turbine-performance map. 
Shstft power. Jet thrust, and specific fuel consumption can be cal- 
culated from the equations derived in appendix D. 


DETAILED BROCEDOEE 
Matchi n g 

The step-by-step process for matching a turbine and Em exhaust 
nozzle to a selected conrpressor type is presented with an illustra- 
tive example. In each step given, the general procedure will be 
followed by the specific procedure for the illustrative engine 
chosen. 
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As an ezan^jle of the matching procedure, the components of a 
typical turbine-propeller engine .schematically shown in figure 1 
will be matched to detenaine the relations among the physical dimen- 
sions. Maps representative of typical axial-flow compressor and 
single-stage turbine performance eire shown in figures 2 and 3. The 
turbine-stage velocity diagram is shown in figure 4. The turbine 
performance maps were obtained from the methods presented in refer- 
ence 12. The curves of figure 3(b) were extended to higher values 
of pressure ratio and corrected temperature drop by assuming a con- 
stant turbine efficiency of 0.86 and stator- choking conditions. The 
maximum pressure ratio obtained with the compressor chosen is less 
than 4.0 (fig. 2). Cycle analysis indicates that for hi^ perform- 
■ ance a turbine-propeller engine shoiold have a compressor with a 
pressure ratio higher than this value. Inasmuch as the purpose 
herein is only to demonstrate procedure and to indicate qualitative 
results, this peurticulair map was chosen because it covered almost 
the cong)lete range of engine operation. A combustion- chamber pres- 
sure loss of 5 percent and a combined tail -pipe and exhaust-nozzle 
pressure loss of 5 percent will be assumed for all operating 
conditions . 

The matching procedure outlined in a previous section is 
expanded here to aid in the determination of the physical dimen- 
sions of the engine and the component performance parameters for 
design conditions . 

Selection of operating conditions ♦ — 

(1) Select over-all conditions for engine-design operation. 

Example: The engine will be designed for take-off or maximum- 

power operation at sea- level static conditions. 

(2) Determine ambient pressure and temperature for step (l). 

Example: p^ = 2117 pounds per square foot 

t^ = 518.4° E 

(3) Determine ram pressure ratio. In terms of fli^t speed 
Vq and i n let- ducting total-pressure- loss ratio Ei/Pq 
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= ~ [1 + 


7c-l V 


PO ^0 


27c^ to 


(32) 


Example; 


Assume — = 1.0 
PO 


(4) Calculate T^. If the process is assumed to he adlahatic 


to the compressor Inlet, 


7c-l 


Tl = to 



Example: 


= to = 518.4° E 


(5) Select a con^jressor map. 

Example: The axial-flow coinpressor map shown in figure 2 

was selected. 

(6) Select design point on compressor map. 

Example; For approximately rated compressor speed, a 
pressure ratio lower than the maximum permissihle ratio was selected. 



Ai6i 



971 feet per second 


3.25 


37.4 


0.50- 
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(7) Calculate S from the definition of con^jressor slip 
factor. 

Example: S = X 778 X 0.24 X 518.4 X 0.50 _ 05 

( 971)2 

(8) Select design turbine-inlet temperature. 

Example: Assume = 2000° E 

(9) Select losses in combustion chamber, stator, and tail pipe, 
assuming choking flow in the stator. 

■ Pc 

Exapple: Assume _ = = 0.95 

?2 P5 


Eor the turbine maps of reference 12, the losses across the stator 
may be computed from equations (15.) and (16). For sippliclty, sonic 
flow from the stator nozzles was assumed. Thus, 



0.935 


Determination of turbine-area ratio. - 

(10) Select a value of A^/a^ from figure 9. 

Exapple: The turbine piaps of reference 12 are based on 

a constant-area annular passage. A stator-outlet angle of 20° was 
chosen from consideration of figure 9: 


sin 


As 


0.342 


(33) 


The turbine-rotor outlet annul us and the exhaust nozzle are assumed 
to be unchoked so that the selection of the ratio A^/A5 places the 
design-point operation in the region of the maximum turbine-power 
parameter and yet allows Increasing corrected turbine power with 
increasing flight speeds. 
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Determination of ratio of turTjlne to compressor flov area. - 

(11) Calculate A^/a^ from equation (17) using the choking 
value of wel^t-flow parameter. 

Example : 



37 




2000 

518.4 


48.62 X 0.935 X 3.25 X 0.95 


0.524 


(12) Check centrifugal stresses in the turhine hlade by means 
of equation (21) . 

Exarnp l e ; When the turhine-hlade material is assumed to 
have a density of 540 pounds per cubic foot. 


^b 

$ 


540 

64.4 


[l - (0.50)^ (971)^ 0^5^ 
L ^ J ' 0.342 


= 9,080,000 pounds per square foot 


or 

63,100 pounds per square inch 

From reference 13, it may be seen that the blade stress "vd-ll have a 
reasonable value for turbine design if $ is decreased by tapering the 
blade. The selected values for design operation are therefore acceptable. 

Determination of ratio of exhaust-nozzle to turbine- inlet flov 
area. - 


(13) Compute (f3/P6)opt 
equation (24) . 

Example; (Pg/Pe)^^^ 

(14) Draw line of (P^/Pg) 


for optimum-power division from 
= 3.25 X 0.95 = 3.088 


opt 


on figure 6. 
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Example: Tlie line of (P 3 /P 0 )^p^ = 3.088 was located on 

figure 6 . 

(15 ) Compute (^g/Pe^opt equation (10). 

Exanqole: 


A 


P6 


,Pc / 3.088 

^ 6^pt 


For each, point of intersection of the constant I — ) line with 

_ \ Fc 


% ( ^ 


the — i — 1 — curves, 

A4 \m/4 P4 » 


P 6 


is known. 


6/opt 


(16) Plot Pi/po against ^ot optimum power 

*4 \®/4 ^4 


division. 


Examp le: For the illustrative engine, the relations for 

optimum-power division are shown in the bottom curve of figure 10 , 

(17) Compute (P 3 /pg)^ at take-off conditions .from equation (23). 
Example : 


1 = 1.0 X 3.25 X 0.95 = 3.088 

k 

(18) Draw line of constant (P 3 /Pg)T figure 6 . 

Example: The line of (P 3 /pg)ip = 3,088 was located on 

figure 6 . 

(19) Plot ( ^ ) against ^ ^ for take-off. 

V6/T H ^4 
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Exainple: The intersect ion of the constant line of 

curves determines the values 


(£2^ = 3.088 -with the ^ ^ 

\P6 

of 


m/4 P4 


(—] to he plotted, as shown hy the upper curve of figure 10. 
\^6/T 


(20) Select (tr) ^ 

A4 P4 

steps (16) and (19). 


from a consideration of the plots of 


Example: A compromise was made in the choice of a fixed 

exhaust-nozzle area hy choosing one close to the optimum value for 
a reinge of flight speeds hut choosing one that would not decrease 
the turhine presstire ratio at take-off conditions to abnormally low 
values. Such a compromise was made, as shown in figure 10, hy 
selecting the area-ratio parameter corresponding to a turhine pressure 
ratio of 2.5. Thus for 



2.631 


£§ /m/'\ £3 


3.25 


(21) Compute 



assuming 



to he choking values. 


Example: 


A4 


3.25 X 0.935 


3.04 


(22) Construct curve of 'P^/'Pq against as shown in 

figure 6 for the known value of Aq/a^, 


Example; The cuirve of figure 11 was constmcted hy the 
method presented in the section Comhined Turhine and Exhaust-Nozzle 
Characteristics for 


^ = 3.04 
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(t). ■ 


“ 0.935 


for stator-nozzle choking conditions. 

(23) Compute P3/P0 from equation (23). 


Example ; 


— = 1.0 X 3.25 X 0.95 = 3.088 


(24) By using the curve of step (22), locate the design point 
and P3/P0 for P3/P0 from step (23). 

Exanqile: Erom figure 11 


— = 2.631 
^6 

(25) If the design point is located to the right of M0 = 1.0 
on figure 6, then Pq/p 0 ™ay he computed from equation (6), letting 


— = 1.853 

P6 

Example; Because the design point is located to the left 
of M0 = 1.0 on figure 6, 

= 1.0 


(26) Becalculate P3/P0 for the known value of Pq/p 0 from 

£3 ^ ^ ^ ^ ^ 

^>6 ” ^’O ^1 ^2 ^6 
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Ezan^Jle; 
(27) Calculate 


= 3.088 

P6 


^6 % 


Exaii5)le: 


^ = 2.631 X 0.95 = 2.5 


Determination of ratio of turbine to compressor diameter. - 


(28) Assume several values of J^^m/^c^o* 

Exan^ile: Several values of "were assumed for 

each of three values of Pg. (See turhine maps (fig- 3)-) For 
example, let 


^,m _ 


D, 


c,o 


1.0 


for 


Pg = 32.5 

(29) Calculate m/A^O^ from equation (26), 


Exan5)le ; 

^^t,m ^ 48.62 X 0.935 X 971 ^,m 
/\/ 2000/518.4 ^c,o 


= 22,470 for = 1.0 


(30) Locate point on turhine map for several values of pg and 
determine outlet swirl angle. 

Example: On figure 3(h), for 


^^t,m 

A453 


22,470 
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and swirl angle = 30°. • ' 

(31) Plot txirbine-outlet swirl angle and against I)i|. q 

for several values of Pg. 

Exan5)le: Turbine design-performance values were plotted 

on figure 12 for three values of 

(32) Select a value of swirl angle for design conditions. 

Example: Eor take-off conditions, a swirl angle of 9° was 

arbitrarily chosen. 

(33) Draw vector diagreuns for the pitch section and the selected 
swirl angle for each value of 

Example: Three vector diagrams were drawn, each with the 

outlet swirl angle equal to 9° for values of Pg of 30°, '32.5°, and 
35°. Other known quantities are: 

= 20° (assumed constant) 



= 1981 feet per second 



from equation (l) . 
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(34) Calculate (Dj^/Dq)^ for impulse at the root of the turbine 
blade from equations (27) and (29). 


Example: From values obtained on the three pitch- section 

vector diagrams, (Dj/Dq) for impulse conditions was calculated 

by means of equations (27) and (29). 


(35) Calculate (Bj^/D-) for several values of Dt,m/®c,o 
equation (30) . 

Example: Three values of vJ^c,o used in equa- 

tion (30) with 


H ^ 0.524 
Aj_ ~ 0.342 


1.532 


and 

= 0.50 

(36) Plot (Dj^/Dq)^ for the actual blade and the blade having 
impulse at the root against Dt,m/Dc,o* 

Example: The restilts of steps (34) and (35) are plotted 

in figure 13. 

(37) Plot rotor turning angle 64+65 on same plot as step (36). 

Example: Eotor turning angle was obtained from the vector 

diagi'am by adding 64 3s ia plotted in figure 13. 

(38) Select ® compromise between rotor weight and 

degree of reaction. 

Exanq)le: Although a design value of 65 of 35° could be 

chosen for accelerating flow through the blades, better actual tur- 
bine efficiencies could probably be obtained by selecting blading 
with a greater amount of reaction at the root. 
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Let 


= 1.322 

(39) From former plots for the selected value of I^^m/^c,o-> 

find design values of rotor turning angle, turbine pressure coef- 
ficient, hub-to-tip ratio of turbine blade, and turbine rotor-blade 
outlet angle. 


Example: From figures 12 and 13 for 


_ 

T^. — X* 


322 


■^c.o 


34+^5= 81° 

M^t = 1.5 


V^o/t 


718 


85 = 32.5° 

(40) Find design value of wtTj.^j^/A 4.63 from equation (26), 
Example: 


■"^t m 

^ = 22,470 X 1.322 = 29,700 

hh 


(41) Find 



from turbine map 


or from the equation 
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Ezample: 


T3 32.2 X 778 X 2000 


(42) If the parameters for the design point on the turbine map 

, . VjJ^ P4 

are inserted in equation (31) and — — is much below the 


A464 


choking value, the matching process should be repeated with the new 
value from equation (31) . 


~RxaTnple ; 


29,700 ^ 

32.2 X 778 X 0.274 X 518.4 X 0.18 
1.5 

= 45.4 

Because this value is approximately equal to that for choking condi- 
tions, the assumption of choking conditions in the stator is verified. 

(43) Calculate design shaft power per unit compressor area, net 
thrust per unit exhaust-nozzle area, specific fuel consumption, and 
other performance parameters from equations given in appendix D. 

Example: The design parameters found in the previous 

steps were introduced into equations of appendix D. 

(44) The engine may now be scaled to size 'to give the required 
design power. 

Example: The value of the shaft-power parameter 

shp/Ai&LA^ ©X is approximately 2000 horsepower per square foot. If 
2000 horsepower is desired at take-off conditions, the conpressor- 
inlet flow area should be scaled to 1 square foot. The areas and 
the diameters of the turbine and the exhaust nozzle may now be cal- 
culated inasmuch as the ratios have already been determined. 


^ 4 ^ P 4 

A454 P3 
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Performance Analysis 

For the performance analysis, the following quantities must 
he known or assumed: 

^ ^ ^ ^,m 

P2" ?3^ P5" Ai^ H’ Dc,o 

The compressor and turbine performance maps must also be available. 

Example: A performance analysis is made for the engine 

matched in the previous example 


~ = 0.95 


~ = 0.935 


:5- = 0.95 


~ = 0.524 

h 



3.04 


D, 


i-'j. 

t,m 


c.o 


1.322 


The axial-flow- compressor map of figure 2 is used. 

The t\irbine map used is taken from reference 12 for of 20° 
and of 32.5°. 

The original curves were extended to higher values of pressure 
ratio and corrected temperature drop by assuming a constsint turbine 
efficiency of 0.86 and choking conditions in the turbine stator. 
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The tirrbiiie maps of reference 12 can he used ho represent con- 
ditions in the turbine at the design point for the turhine-propeller 
engine. In general, however, at off -design conditions the relative 
rotor- inlet angle will not correspond to the design value. 

The incidence losses were not included in the turbine maps of refer- 
ence 12. Nevertheless, figure 3(b) will be assumed to represent 
actual turbine performance at all conditions of engine operation. 

The following procedure may be used to determine the equilib- 
rium performance of the turbine-propeller engine: 


(a) Select ram pressure ratio or flight Mach number and inlet- 
ducting total-pressure- loss ratio 



Nxample; 


Asstnne 



1.5 


(35) 


(b) Select point on compressor map and find values of 

I'a ^ 

Vl’ Apl' ’'l 

Exanple: From figure 2, a point was selected 

^c,o 

£2 
Pi 

Al^i 

T2-T1 

Tl 


777 


2.25 


26.0 


0.335 
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N 

r-t- 


(c) Calculate S from definition of slip factor. 

Example ; S = 1.731 

(d) Compute 


Pi ?2 


Example: 


P3 

= 2.14 

•^1 


(e) Constmct curve of P 3 /P 6 against P 3 /P 0 as shown in fig- 
ure 6 or 11 for the known value of k^/k^. 


Example: Figure 11 represents the curve of equilibrium 

operation for the matched engine. 

(f) Compute 


Example: 



Pq^i 



— = 3.21 

Pq 


(g) By using the value of P 3 /P 0 from step (f) on the P 3 /P 5 
scale for the curve of step (e), find P 3 /P 0 for the curve of 
constant Ag/A^ . 


Example: 


= 2.71 


from figure 11 . 

(h) If the value of Pj/Pq lies to the right of Mg = 1.0, 
Pq/p 0 may he found from equation ( 6 ), letting P 0 /P 0 = 1.853 and 
P 3 /P 0 eqaial the maximum value for that area ratio. ' - 
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~KxaTnple; Because the operating point on figure 6 or 11 
lies to the left of M0 = 1.0, 


(i) Calculate 



^ ^ ^ ^ fs ^ 
^6 ^0 ^1 ^2 ^6 


Example: 


(j) Con^jute 


Example: 


(k) Confute 


Example: 


(1) Con^jute 


Example: 



3.21 


£3 _ ^ £§ 
P5 ■ 1^6 % 



2.57 


^6 _ ^5/P6 
Pe ~ P3/P6 


^ ^ ^s/P6 
Po Po/P6 
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(m) Compute from equation (4). 


Example: 


•wU. 


t,m 




2JH: = 23,940 


(n) From the turbine map, locate the operating point from 
knowledge of P 3 /P 5 and 'wU-(^^m/A 463 . 

Example: Operating point on figure 3(h) was found for 


2.57 


and 


wU. 




= 23,940 




(o) Find .operating values of , and swirl angle 

T'a 


from the turbine map. 


Example ; 


T3-T5 


= 0.182 


= 2.35 


and 


swirl angle = 28° 

(p) Calculate the ratio of t-urhine to compressor power from 
equation (5) 


chp + shp 
chp 




Exan^jle: 


1 

chp 


2.375 


0 
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(q) Calculate tlie required ratio of turljine- inlet temperature 
to compressor- inlet temperature from equation (3) 







Example: 


T, 


= 3.847 


(r) Calculate values of horsepower, thrust, specific fuel con- 
sumption, and other performance parameters from appendix D. 

Example: The values of the parameters calculated in the 

previous steps were introduced into the equations of appendix D to 
obtain other perfonnance parameters at the selected operating point. 
Compressor-inlet-ducting losses were neglected and a constant pro- 
peller efficiency of 0.85 was asstuned. 


PERFQRMAECE CBABACTEEISTICS OF ENGIHE SELECTED AS 
ILLUSTRATIVE EXAMPLE 

Engine Performance with Fixed- Area Exhaust Kozzle 

The results of the performance analysis for the compressor and 
turbine selected may he plotted on the compressor performance map. 
Figure 14 shows the range of operation on the compressor map from 
zero shaft power to a corrected turbine- inlet temperature of 2000° E 
for ram pressure ratios of 1.0, 1.2, and 1.5. From 72 to 107 percent 
of rated speed, the ram pressiire ratio has little effect on the line 
of constant corrected turbine-inlet temperature. 

From 72 to 100 percent of rated speed, the slip factor for a 
constant corrected turbine-inlet temperature does not change more 
than 8 percent. 

The results may be plotted in a form that shows the available 
shaft horsepower per unit compressor- inlet flow area at the design 
turbine- inlet temperature and conpressor-tip speed (fig. 15). For 
the fixed-area exhaust nozzle, the available shaft horsepower is 


o 


19 2t 
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nearly doubled by changing the flight speed from 0 to 600 miles per 
hour at sea level. The shaft horsepower available at an altitude 
of 15,000 feet and a fli^t speed of 400 miles per hour is approxi- 
mately equal to the static sea-level value. 

Because the compressor surge line is approximately parallel to 
the line of constant T 3 / 02 . over the usual range of operating speeds 

(fig. 14), the engine is essentially limited by constant corrected 
turblne-lnlet-temperature operation. Altitude operation as well as 
high turbine-inlet temperatm’es may raise the value of to such 

high values that compressor siorge may be encountered. T^om figure 15, 
it may be seen that if the design values of temperature and engine 
speed are maintained, qompressor surge will be encountered at altitude 
If this altitude limit is to be raised, another design point on the 
compressor map must be selected or the engine power must be decreased 
by reducing turbine-inlet temperature. From figure 14, it may be 
seen that the selection of a lower value of design pressure ratio 
places the line of Tg/S^. = 2000° R farther away from the surge line 
and therefore raises the altitude limit at which surge is encountered. 

For a fixed engine operating at all flight conditions and exhaust 
nozzle sizes, equation (5) shows that a straight line can be drawn 
through a plot of against shp/chp. For a turbojet engine 

operating with a centrifugal compressor ( approximately constant slip 
factor) , a line of constant i{r^ represents the engine operating Line 
on the turbine map. 


Engine Performance with Variable-Area 
Exhaust Nozzle 

If it is assumed that the engine is used at flight conditions 
corresponding to a constant ram pressure ratio. Investigation of 
the possibility of increasing the total thrust horsepower of the 
unit at constant reim pressure ratio by varying the nozzle area of 
the engine is desirable. Accordingly, engine performance has been 
calculated at a ram pressure ratio of 1.5 for a range of ratios of 
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extiaust-nozzle to ttirbine- inlet area and is presented in figure 16. 

In this figure, the power parameter is plotted in terms of equiva- 
lent shaft horsepower, the sum of the shaft power and the jet power 
corrected for propiilsive efficiency, assuming a constant propeller 
efficiency of 0.85. 

Inspection of the ctirves shows that at a constant corrected 
coD^iressor speed, in general, if the ratio of ezhaust-nozzle area 
to tiirhine-throat area is reduced to the smallest value shown in 
order to increase the jet power, the corrected equivalent shaft 
horsepower is decreased from a maximum value. If the ratio of 
exhaust-nozzle to turbine area is increased to the highest values 
shown in order to increase the shaft power, the corrected equiva- 
lent shaft horsepower is also decreased from a maximum value. 

The design-ajrea ratio lies in the region of max imum corrected 
equivalent shaft horsepower. In the regions of maximum corrected 
equivalent shaft horsepower, however, the area ratio does not greatly 
affect the value of corrected equivalent shaft horsepower, especially 
at lower than rated speed. For example, from figure 16(a) at the 
corrected compressor- tip speed of 971 feet per second, a change in 
area ratio from 2.5 to 4.0 varies the corrected equivalent shaft 
horsepower by 4.2 percent over this range. Reference 17 shows that 
for the general case of an engine with varying propeller and tur- 
bine efficiencies, a two- or three-position-area control can provide 
adequate optimum-power proportionment . The area ratio determined as 
satisfactory for the ram pressure ratio considered may therefore be 
used over a range of operating conditions depending on propeller 
characteristics . 


CONCLUDING REMARKS 

For a particular compressor-performance map chosen by the 
engine designer, a simplified systematic method has been developed 
to show some of the compromises necessary in the selection of a 
turbine to be mated with the compressor. The results of component 
matching may be used to obtain the . predicted power-per-unit size of 
engine. When the engine power is selected, the absolute size of 
each component is fixed and can be determined from the results of 
the component matching. The method of performance analysis provided 
enables the engine designer to predict the performance of the over- 
all engine design and some of the practical limitations, such as 
con5>ressor surge and maximum turbine pressure ratio. 

Lewis Flight Propulsion Laboratory, 

Nationeil Advisory Committee for Aeronautics, 

Cleveland, Ohio, October 19, 1949. 
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A 

C 

chp 

°p,-b 

°p,c 

°p,t 

D 

eshp 

g 

h 

h-p 

J 

Jhp 

M 

m 

m* 

P 


APPENDIX A 
SYMBOLS 

The following synibols are used In this report; 
effective area perpendicular to flow, sq ft 
absolute velocity of gas in turbine, ft/sec 
compressor horsepower 

average specific heat at constant pressure for combustion 
chamber, Btu/(lb)(°B) 

average specific heat at constant pressure for con^iressor, 
Btu/(lb)(°B) 

average specific heat at constant presstire for turbine and 
exhaust nozzle, Btu/(lb)(°B) 

rotor diameter, ft 

equiveilent shaft horsepower 

jet thrust, lb 

net thrust, lb 

2 

acceleration due to gravity, 32.2 ft/sec 
lower heating value of fuel, 18,500 Btu/lb 
horsepower 

mechanical equivalent of heat, 778 ft-lb/Btu 
jet horsepower 
Mach number 

weight-flow parameter, w//^A5 
choking value of weight-flow parameter 
total pressure, Ib/sq ft absolute 
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static pressure, Ib/sq ft absolute 
gas constant, ft-lb/(lb)(°E) 


MCA TN 2450 


P 

E 

r 


S 


shp 

T 

t 

tl^) 

U 

^0 

w 

V 

^f 

«4 

°S 

h 

h 

7c 


radius 


compressor slip factor. 



turtine-rotor-blade stress, Ib/sq ft 

sliaft horsepower 

total ten5)erature, °E 

static temperature, °E 

thrust horsepower 

blade velocity, ft/sec 

Jet velocity, ft/sec 

flight speed., ft/sec 

gas velocity relative to turbine rotor, ft/sec 
air flow, Ib/sec 


fuel flow, Ib/hr 


txirbine-stator-outlet angle 
turbine-rotor-outlet angle 

turbine-rotor-inlet angle relative to rotor blade 
turbine-rotor-outlet angle relative to rotor blade 
ratio of specific heats in compressor 
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’'t 

6 

T) 

0 

X 

p 

Pb 

$ 


ratio of specific heats in turbine and exhaust nozzle 

total pressure divided by MCA standard sea-level pressure 
(14.7 Ib/sq in. absolute) 

polytropic turbine efficiency 

combustion efficiency 

adiabatic turbine efficiency 

propeller efficiency 

total temperature divided by MCA standard sea-level tempera- 
ture (518.4° B) 

stator loss coefficient 

density of gas, slugs/cu ft 

turbine-rotor-blade density, Ib/cu ft 


stress correction factor 



03 angular velocity, radieins/sec 

Subscripts; 

0 ambient air 

1 compressor inlet 

2 combustion-chamber inlet 

3 turbine- stator inlet 

4 turbine-stator outlet 


5 


turbine-rotor outlet 
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6 exiiaTast-nozzle throat 

a axial direction 

c compressor 

U inner dimension vith respect to rotor-blade hei^t 

m mean dimension vith respect to rotor-blade hei^t 

o outer dimension vith respect to rotor-blade height 

opt optimum 

s MCA standard pressure or tempera trore 

T take-off 

t turbine 

to tangential direction 
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APPEHDrX B 

COEEfflCTED TUBBIKE-HOESSPOJER VARIATION WITH 

TURBINE-AREA RATIO AND EFFICIENCY 

Turbine-power Tariatlon vlth area ratio and efficiency. - From 
continuity across the turbine 


W//93 

H ^3 ^^3 




5 -"5 





(Bl) 


Men T 3 = T^ and tbe weight-flow parameter is represented 


by m 


1 - 


A5 mg P3 


^3-^5 
T1 T 
t 3 


h. 


1 - 


^ 5-^ 5 

T, 


1 

2 


(B2) 


From the definition of turbine horsepower 


hp 


550 


(B3) 






550 P 3 A^ 63 A 3 T 3 


(B4) 


Multiplying both sides by the ratio of the wel^t-flow peirameter 
at choking to the actual wei^t-flow peirameter at station 5 yields 
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hp /ml\ ^ ^ ^ !i ^5-^5 

AsPs/^V/s I’s As “5 P3 T3 


(B5) 


Letting 


rt - */3 

c . = 0.274 
p,t 

m* = 48.62 
o 




Vsa/^ V“ 


/„t\ A- m, P. T,-Tc 

= 0.203-4^ ^ ^ ^ 


“5 ^3 


(B6) 


For various values of adiabatic turbine efficiency tbe 

A4 ^4 P4 , . 

is known from equation (B2). 


^3-^5 

relation between -7= and -r— 


T, 


Thus tbe relation between 


^ “5 ^ 

[bL] 


A4 1134 P4 

and — may be 

"5 ^3 


plotted for various values of turbine efficiency, as shown in figure 9. 

Maximum-power curve. - Tbe curve of maximum corrected power may 
be derived by tbe use of tbe polsrtropic turbine efficiency t^. 


^t 

X7+-I) T1 




(B7) 


Inserting equation (B7) into equation (Bl) yields^ 


^ ^ ^ 

As “5 ^*3 


yt _ 1 

(7+-I) T) 2 


(B8) 
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For 7 = 4/3 






T -T 
3 5 


8i3 

.2T1 


T -T 
3 5 



= 1 - T^ — ^ 


(B9) 


Inserting this value Into equation (B6) yields 



0.203 


A4 ?4 


h ”5 


1 - 



(BIO) 


In order to find the maximum corrected power, this expression 
may he differentiated vith respect to the area-ratio term and the 
resulting expression set equal to zero. 


hp 




=(-] 

TAmJ 


a 

V A5 m3 P3 


-= 0.203 < 


r 

SIL 

2ti\ 



- 22L ^ fit ■" \ 

1 

“5 ^3/ 

8-t) \A5 mg { 


= 0 


^ “5 ^3 



power 


(Bll) 


(B12) 
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Becaiise tlie term 


2ti -^3 ®3 ^4 

• 5 — *• is known as a function of — , 

8-11 A4 m^ P3' 

it m^ t>e suljstituted in equation (BIO) and the line of maximum 
power may Be drawn as shown in figure 9, 
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APPEHDIZ C 

FKEE-VOKCEZ FLOW CONDITIONS 

For a turbine-rotor blade vitb accelerating flow (positiTe 
reaction) at the pitch section, the problem is to determine the hub 
diameter at which impulse conditions occur. 

The criterions for impulse conditions will be (fig. 4): 


II 

(Cl) 

For vortez flow, from root to tip of the blade. 


C^r = constant 

(C2) 

C , = constant 
a,4 

(C3) 

C ^ = constant 
a, 5 

(C4) 

For the blade rotating at constant speed, from root 

to tip 

— = constant 

T 

(C5) 

From the vector diagram (fig. 4) 



(C6) 


(C7) 


Equating eqiiation 


(C6) to equation 


(C7) and expanding yields 


(C 


a,5 


+2U (0„^5 +C„^4) +(C„^s^ - ) - 0 (08) 



( 09 ) 
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When the radius at the root of the blade r^ is introduced. 
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(CIS) 




(C17) 

The ratio of turbine pitch diameter to hub diameter for impulse 
conditions at the root of the blade cam therefore be calculated in 
terms of the ratios obtained from the vector diagram drawn for the 
pitch section of the blade. 

The hub -to -tip diameter ratio is then given by 




- 1 


(C18) 
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APPEHDIZ D 

EQUATIONS EOE HOESEPOWEE, THEUST, AND SPECIFIC 
FUEL CONSUMPTION 

Shaft horsepover. - The relation between shaft power and com- 
pressor power can he rewritten from equation (5) as 




- 1 


Compressor horsepower can he shown to equal 


(Dl) 


chp ^ _J_ „ f ^2 - 

550 A^6^ °P,c \ J 


(D2) 


If this expression is used, the shaft-power parameter can he 
written as 





j 

550 A 8, t 
1 1 




p,c 



(D3) 


Jet thrust. - The equation for 

= Pe ^6 + 


jet thrust can he written 
(P6-Po) % (D4) 


If the density €m.d the jet velocity are replaced hy equivalent 
expressions in terms of pressure and ten^jerature, the jet-thrust 
peirameter can he written 
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For conditions less than critical at the nozzle throat, the 
Jet-thrust peirameter reduces to 


-J- ( -1 I = P 


27. 


H ^1 Vo/ 


s 


^7t 


- 1 . 


-p N^t 

~ ) " ^ 

^ 0 / 


(D6) 


etnd for choking conditions at the exhaust-nozzle throat 


As ®1 \P0 


— = P. 


7 ^. 


(-J-\ ^ 

V^t+iy po 


(D7) 


Values of Jet-thrust peirameter as a function of the ratio of 
the total pressure at the nozzle to ambient pressiare are given for 
one value of 7^ in figure 17. 

Wet thrust. - The net thrust from the Jet nozzle is equal to 
the Jet thrust minus the inlet momentum losses. 


F = F - — V 
n ^J g ''0 


(P8) 


If the fli^t velocity is replaced by its equivalent value in 
terms of ram pressure ratio and compressor- inlet losses are neglected, 
the net-thrust peirameter cein be expressed as t 




Fj 


Wa/0 


A ^ 8i ^^ 2 . '^^1 


2 ET. 


s 7c 

FTvU 


1 
~i 2 


>'c-^ 


l-(^ 


(P9) 


Thrust horsepgger. - The toteil thrust horsepower is the sinn of 
the propiilsive powers of the propeller and the Jet. If all the shaft 
power is assumed available for the propeller 


thp = Tip shp + Jhp 


thp = Tip shp + 


Fn Fq 
550 


(DIO) 

(Dll) 
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Corrected, thrust horsepower per square 
area can he expressed, as follows: 


foot of compressor- inlet 


thp . \ ^ 

" ViApI 550 V rc -1 . 



(D12) 


Equivalent shaft horsepower. - The equivalent shaft horsepower 
of a turhine-propeller engine is equal to the sum of the propeller 
shaft power plus the jet power corrected, for propulsive efficiency. 
If all the shaft power is assumed, available for the propeller. 


1 



(D13) 

Specific fuel consumption. - The specific fuel consumption of 
a turhine-propeller engine can he calculated, on the hasls of the 
thrust horsepower or the equivalent shaft horsepower. The weight 
of the fuel flow is the same for either case and. can he obtained, 
from a consideration of the temperature rise dxiring combustion. 





1 (t . To) (3600) 


= 3600 




(0.26) 



(D14) 

(D15) 



(D16) 
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(O 


9 


The thrust-horsepower specific-fuel- consumption parameter, 

^ can he obtained from equations (H12) and (D16); the 

equivalent shaft-horsepower specific-fuel- constmqDtion parameter can 
he obtained from equations (D13) and (D16). 
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Pigare 2. 



- P«rrortaanoe map Tor lO^staga azial^nov coo^esaor* Bub^to^tip^diaaator ratio at oompraaoor inlet, 0*50« 
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Turbine presstire ratio, Corrected temperature drop 
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Turb Ine -pre s siire 
coefficient, 2 







-'Swirl 

angle 

(depr) 


/// 


//// 


//////A^y 

w'/ // / 


Turbine -pre s sure 
coefficient, ^ 


Stator 
chok- > 
Ing / 

llne/7 


° 24 32 40 48 56x10 

Weight-flow parameter multiplied by blade-speed parameter 

^^t.m (lb) 

A4ff3 ' ”^ft)(sec)2 

(a.) Turb ine -rotor-out let angle, 30°. 

Figure 3. - Performance map for single-stage txirblne. Constant 
annular-passage area, Turbioe-stator-outlet angle, 20°. 
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Figure 3« - Continued* Ferrormanoe map Tor alngXe-atage tiorblne* Constant annular-paaaage area 

Turblna-stator*cutlet angle » SO*^* 
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H 



Weight-flow parameter multiplied by blade -speed parameter 


”^t.m ^ (lb) 

A463 ' (ft) (sec)2 

(c) Turblne-rotor-outlet angle, 35°. 

Figiire 3- - Concluded. Performance map for single-stage turbine. 
Constant annular-passage area. Turbine-stator-outlet angle, 20°. 
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1.0 1.2 1.4 1.6 1.8 2.0 

Total pressure P 
Statlcpresiure' p 


Plgtire 5. - Variation In weight-flow parameter with change In ratio 
of total pressure to static pressure. 
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At> Ps 

Choked tixrblne-area-ratio parameter, 

A4 P4 Ps 


Figure 7, - Variation of maximum available ratio of turbine to 
exhavist -nozzle total pressure with choked turbine -area-ratio 
parameter. Turbine efficiency, 0.86; ratio of exhaust-nozzle 
to turbine-rotor-outlet total pressure, 0.95. 
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Tia*bine«» inlet total pressure 
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Take-off conditions, 

= 1.0 

PO 


Optimum- power division. 


EAaust-nozzle to t*urbine-area-ratio parameter, 

P5 




Figure 10, - Vciriatlon of take-off ratio of turbine-inlet to exhaust 
nozzle total pressure and optimum ram pressure ratio with exhaust- 
nozzle to turbine-area-ratio parameter. Engine of ill\istrative 
examplej compressor pressure ratio, 3.25; combustion-chamber 
total-pressure ratio, 0,95, 







Txirblne -Inlet total pressure P 3 
Exhaust-nozzle total pressure* 
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Thirblne- Inlet total pressure P 3 
Exhaust-nozzle static pressiire* pg 

Figure 11, - Variation of ratio of turbine-inlet to exhaust-nozzle 
total pressure with ratio of turbine-inlet total to exhaust- 
nozzle static pressure at ratio of exhaust-nozzle-throat to 
ttirbine-stator-outlet area of 3,04, Engine of illustrative 
exan 5 >le; turbine-stator-outlet ratio of choking value of weight- 
flow parameter to weight-flow parameter, 1,0; ratio of txirbine- 
stator-outlet to ttirbine -stator-inlet total pressure, 0,935; 
turbine efficiency, 86 percent. 




Turbine preasvire 

Turbine-outlet swirl angle, deg coefficient, 
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Turbine-pitch diameter ^t .m 
Compressor-tip diameter Dc,o 


Figure 12. - Effect of turbine diameter on rotor-outlet swirl angle 
and turbine pressure coefficient for design conditions of illus- 
trative example. Turbine-stator outlet angle, 20°; turbine total- 
pressure ratio, 2,5; tiirbine -inlet total t4mperat\ire , 2000° R; 
compressor-tip velocity, 971 feet per second. 
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iH 



Tiirblne -pitch dimeter Dt.m 
Compressor-tip diameter* I^ojo 

Figure 13. - Effect of ratio of turbine to compressor diameter on 
degree of reaction at root of t^lrblne blade for outlet swirl angle 
of 6°. Engine of illustrative example; turbine-stator outlet 
angle, 20° j turbine-inlet total temperature, 2000° R; compressor- 
tip velocity, 971 feet per second. 






Ooapreftor prtitara rAtlo, ^ Ooaprecfor slip factor 
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Plgtirc 14. - Range of operation of turbine-propeller engine on oonproaaor porfomanoe nap; oonatant ezhaoet-nosale area. 
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Figure 15. - Available shaft horsepower per unit compressor flow area 
for various flight speeds and altitudes. Engine of illustrative 
example; turbine-inlet temperatiore , 2000° R; compressor- tip veloc- 
ity, 971 feet per second; constant exhaust-nozzle area. 


borreoted equivalent shaft horsepower, 
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E^a\zat-nozzle area -^6 

T\n*blne-8tator throat area* ^ 

(c) Corrected turhlno-liilet temperature, 1600® R. 

Figure 16, - Effect of variable-area exhavist nozzle on corrected 
equivalent shaft horsepower. Engine of Illustrative example; 
ri^ pressnre ratio, 1.5. 
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Figure 17. - Jet-thrust parameter as runct'ion of ratio of exhaust- 

nozzle total pressure to ambient pressure. Comrergent exhaust nozzle. 
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